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Abstract

Primary pnictanes (phosphines, arsines and stibines) are valuable starting materials in many reactions. In this article, an account is given
of recent developments in the chemistry of “user-friendly” primary pnictanes, with emphasis on the use of the bulky substituents for their

Abbreviations:Ad, 1-adamantyl; Andbb, acenaphthenedibenzobarellene; Anth, anthracenyl; Arf, 2,6-bis(trifluoromethyl)phenyl; Artipp, ZC6HEpArX,
p-'Bu-phenyl; Cp, cyclopentadienyl €Bls); Cp°, ethyltetramethylcyclopentadienyl §EtMey); Cp*, pentamethylcyclopentadienyl £Rles); Cp/, methylcy-
clopentadienyl (C5H4Me); Cy, cyclohexyl; Dbb, dibenzobarellene; Dimet, 2,6-dimesityl-4-methylphenyl; DipprgHs; Dnp, 2,6-di-1-naphthylphenyl;
DOC, 2,6-dimethyl-4-octoxyphenyl; Dpdbb, diphenyldibenzobarellene; Es, 2,4,6-trigthylEc, ferrocenyl (gH4FeGHs); Is, 2,4,6-triisopropylphenyl;
JpH, phosphorus-proton coupling constant; Mes, 2,4,G4¢12; Mes*, 2,4,6'1BuzCgHo; MesEt, 2,4,6-E4CsH2; NM, neomenthyl; Pa, phenylacetyl; Pi,
pinen-fused; Pip, piperidine; QM, quantum mechanical; Ph, phenyl; Phes, 2,4,6-triphenylphgslypara-tolyl; Ru*, Ruthenium porphyrine derivative (see
Section 2.4.5); Tetraphos, [P(GEH2PPh)s]; Tipp (also Is or Trip), 2,4,6PrsCsH,; Triphos, MeC(CHPPh)3; Tript, triptycene (tribenzobarellene); Trt,
trityl (C(Ph)s)
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E-mail addressmabrynda@ucdavis.edu.

0010-8545/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2005.03.007



2014 M. Brynda / Coordination Chemistry Reviews 249 (2005) 20132034

stabilization. Available structural parameters, as well as several physico-chemical properties such as melting points and sensitivity towards a
and moisture, are collected and discussed. Also included is a brief sur¥d/NMR data for primary phosphines and their organotransition
metal complexes.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction by their complexation with boranes and a new class of organ-
otransition metal complexes of these usually unstable species
Because of their importance as starting materials or active has also been synthesized.
intermediates in many reactions, there is a growing interest  As recently pointed out by Power and co-work} the
in the employment of the “user-friendly” primary hydrogen bond enthalpies for the-BH bonds in the Group 15 pnic-
derivatives of the heavier Group 15 elements such as primarytanes remain surprisingly large for the heavier group mem-
phosphines, arsines and stibirjés]. The purpose of this  bers (e.g., SbH ca. 60kcalmot?l), even if they display
short review is to survey recent data for compounds of this increasingly positive values foAG?, as the group is de-
type that are stabilized by large substituents that confer in- scended. This trend indicates that they could be kinetically
creased air and/or thermal stability. The following sections stabilized by the use of sterically crowded substituents. This
are essentially dedicated to a broad spectrum of compoundsbservation is clearly confirmed by a quick analysis of the
with such properties. Emphasis is placed on the role of the physico-chemical properties of a series of aryl arsines and
bulky substituents in their stabilization. In addition, physical phosphines where the EHE =P, As) group is connected to
and certain spectroscopic properties are presented, togethea phenyl ring with ortho-flanking substituents of increasing
with brief structural analysis of the available X-ray structures. size. Phenylstibane, PhSpHlecomposes at room temper-
Although the review focuses mainly on the air-stable species, ature[9], whereasBuCH,SbH, [10] and M&SiCH,SbH
interesting primary phosphines with less oxidative inertness [11] are colorless liquids, which are stable for long periods
are also mentioned. Synthetic procedures leading to the pri-under a hydrogen atmosphere at room temperature. The anal-
mary phosphines (or their arsenic and antimony homologues)ogous observation is even more striking in the case of primary
are omitted here, and the reader can find general informationphosphines:
on this topic in dedicated reviews or monografh8]. Two
short sections are also concerned with a brief survey of the
31p NMR spectral data and the dynamic phenomena related Q
to the hindered rotation of the Biroup in solution.
Primary pnictanes of the form-HEH, (E =P, As, Sb and
Bi), particularly those containing small alkyl groups, are usu- 1
ally highly air-sensitive, and often pyrophoric. They are also
highly toxic, and exhibit a characteristic, intense unpleasant
odor, making their use in synthesis rather difficult and often
hazardous. As recently noted by several autlfid#], com-
pounds of this type with more “user-friendly” characteris-
tics are attracting unceased attention. The “ideal” compound
would be an odorless, easily stored solid or liquid, with good
thermal stability, and very low air- and water-sensitivity. This
would allow manipulations during synthetic steps or puirifi- While 1is a pyrophoric, extremely air-sensitive liqui?]
cations to be carried out in aerobic conditions using standardwith a foul odor2 shows already a moderate air-stabilit$].
chromatographic techniques and no use of protecting groupsEnhanced steric protection resulting from introduction of the
on pnictogen should be necessary to maintain the integrity of 'Bu group on the central ring is observe®ifi4] (sometimes
the EH group. In the last few years, the number of reported called “supermesitylphosphine” or Mes*BHK which in the
air-stable primary pnictanes has grown rapidly through the solid state can be considered quite air-stable although it will
use of bulky substituents for the kinetic stabilization of these oxidize slowly over several months. Phosphinehich bears
species. Both aryl and alkyl sterically demanding substituents two bulky mesityl groups at thertho position to the phos-
have been probed, or even specifically designed to stabilizephorus atonj15], is a white solid, completely inert towards
free primary pnictanes. This approach has also been used fooxidation, with an elevated melting point close to 2C3
the isolation of compounds with double bonds involving sec-  The differences in the reactivity of the primary versus ter-
ond row, main group elemenfs] or alkyne analogu€g®,7] tiary phosphines are due to the presence of the two “acidic”
of Ge and Sn. Primary phosphines have also been stabilized>H bonds[16]; these reactive sites are not available in
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tertiary phosphines #P. Primary phosphines are expected 2. Primary phosphines
to be weaker donors than tertiary phosphines due to an in-
creased s character of the P lone pair orbital. The reactivity 2.1. Free primary mono-phosphines
of the phosphine ligands is related to the electron-donating
and electron-accepting properties of the phosphorus atom Despite their rather unfriendly characteristics, primary
as well as of the steric effects of the substituents, and dif- phosphines are recognized as having a broad spectrum of
ferent models have been proposed to quantify these elec-applications. They can act as starting materials for enan-
tronic and steric effects. These are based on some key phostiomerically pure phosphetang®5], phosphirane$26] or
phine properties such as cone and bite angles, and basicityphospholanef27], as well as precursors for niobium phos-
[17-21] phide (NbP) films[28] or peptide chain homologud4].
Before reviewing the physico-chemical characteristics They also have potential catalytic and biomedical applica-
and available structural data of the title compounds, it is tions, for example, as antitumor agef#9]. Until a few
worth briefly discussing their simple hydride precursors: years ago, primary phosphines were generally considered
PHs, AsHsz, SbH; and BiHs. The first three are known to  to be air- and moisture-sensitive liquid or gaseous com-
be extremely toxic, and volatile gaseous substances, sponpounds. Although they are generally unreactive towards wa-
tanously flammable in an oxygen atmosphere. The existenceter, their moisture-sensivity is often the result of a reaction
of bismuth hydride or bismuthine (B#)l, which is usually with dissolved oxygen. The current interest in more robust
described as an unstable Group 15 hydride with a low boil- chemicals of this class of compounds is of recent origin;
ing point (—16.8°C), was controversial for many years. Only with respect to the variety of applications, these synthetic
very recently were the early experiments of Amber@] intermediates can offer both in biochemistry and catalysis.
repeated, and with the help of modern spectroscopic methodsThe first attempt to stabilize primary phosphines with ster-
supported by ab initio calculations, was this unstable entity ically encumbring substituents was undertaken in the late

unambiguously characteriz¢2i3,24] 1960s. In 1969, Stetter and Last synthesized adamantylphos-
The most relevant physico-chemical characteristics of the phine [30] (AdPHy), which was obtained as an oxygen
EHj3 derivatives of pnictogens are presentedable 1 As sensitive liquid with a low boiling point and a character-

can be seen from the corresponding data, whereas structuraiktic refellent odor. The last few years have seen rapid
characteristics are similar for all of the four gases, th&lE  growth in the chemistry of these species, with the appearence
bond length decreases from heavier to lighter elements, vary-of more stable, solid primary phosphines. The majority
ing from 1.78A in BiH3 to 1.42A in PH3. The pyramidality of the reported crystal structures having arPFRL moi-

of the EH; is more pronounced when descending the group ety have been determined as complexes where the phos-
(93.5 for PHs versus 90.5for BiH3), a lone pair contain-  phorus atom is coordinated to a metal atom. The crystal
ing two electrons being centered on the heavy atom. Thesestructures of free mono-primary phosphines are less abun-
geometric characteristics are only slightly affected in free dant and have only been obtained in a limited number of
organic primary pnictane hydrides. For example, in the crys- cases: where the phosphorus atom is bound to a cumber-
talline DbbPH the P-H bond is 1.36(3)°\ andthe HPHangle  some protective aryl group, to a bulky alkyl group such as

ca. 93(2). a triptycyl or dibenzobarellene moiety, or to a ferrocenyl
Table 1
Selected physico-chemical data for thef¢rivatives of pnictogens
E P As Sh Bt
EH bond lengthA&) 1.4200 1.511 SbH, 1.7073+0.0025 1.7759
HEH bond angle) 93.345 91.6 HSbH, 91.360.33 90.48
AGY 3.20 16.46 35.31 -
AH? 1.29 15.39 34.66 -
EH bond enthalpy 70.9 65.5 60.0 67.6
Properties of ER
Color Colorless Colorless Colorless Colorless
Appearance Gas Gas Gas Gas
Melting point ¢C) —133 —116 —88
Boiling point (°C) —88 —62.5 -17 17
Density (kg n73) 1.5 (gas) 3.42 5.48 (gas) 9.3 (gas)

AHy: standard molar enthalpy (heat) of formation at 298.15K in kJ/mdly : standard molar Gibbs energy of formation at 298.15K in kJ/mol; EH bond
enthalpy in kcal/mol.

a The data are from Ref129].

b The data are from Re24].
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group. Other free, stable primary phosphines include various columns without any particular precaution at open air at-
bisphosphines attached to aryl groups, fluoroalkylphosphinesmosphere, and is easily recrystallized from common or-

or N-quaternised aminoalkylphosphines. ganic solvents. This phosphine has been used extensively as
an intermediate for many reactions, unfortunately its crys-
2.1.1. Aryl phosphines tal structure has not yet been reported. In the same class,

Mesitylphosphin&, one of the first, moderately air-stable  2,4,6-trit-butylphenylphosphin8 has been widely used in a
aryl primary monophosphines, was synthesized by Becker number of synthetic schemes, leading, for example, to crys-
et al.[13] by the reduction of MesPglwith LiAIH 4. Ten talline monophosphaallen¢35] or phosphaalkeng86,37]
years later2 became the first primary phosphine charac- Power and co-workers reported the bulky ArtippPit4,
terized by X-ray crystallography in Power and co-workers Which is completely stable in air and characterized by a mp
[31]. Earlier attempts to characterize primary phosphines fo- of 215-218C [8]. Compoundl4 possess a plane of sym-

cused on gas-phase techniques involving electron diffractionmetry perpendicular to the central aryl ring plane, which
incorporates thdpso and para carbon and the pnictane

atom.
x?k o ?X (EEX
2
2 3 4 5 6
PH
~ )FEX Ag?g A@A e
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Yoshifuji and co-workers have also been successful in
or microwave spectroscopj23,24,32—-34] MesPH crys- preparing several derivatives of 2Bu-phenyl phosphines
tallizes in the orthorombic system, and consists of paral- with substituents of different steric hindrance at the 6 po-
lel layers of molecules, spaced by about A.5n which sition [14,38-42] (3,5-8). In the 3P NMR spectrum,5

no significant H-bonding between phosphorus and hydro- and 8 are shifted upfield by 12-13 ppm compared 30
gen atoms occurs, although the hydrogen atoms bonded tdMost likely, the electron-donating effect of the phosphorus-
P could not be located with certainty. The-® bond was binding hydrogen atoms i is not as effective as that
found to be 1.807(57)\, in accordance with previously ob-  of 8.

tained values. Modification of the size or the shape of the  Other aryl phosphines were also reported with isopropyl
protecting aryl group, to assure better kinetic stabilization or ethyl moieties as flanking substituents, but their air- and
of the PH group, resulted in a series of analogous bulky moisture-sensitivity is less interesting since the presence
aryl phosphines. The group of Yoshifuji and co-workers re- of these latter groups on the central phenyl ring pro-
ported the synthesis of RBHlerivatives where R is steri-  vides only moderate steric protection. Known derivatives of
cally bulky (R = 2,6-dimesityl-4-methylphenyl, Dimdt)5], this type[43,44]include 2,4,6-tri-isopropylphenylphosphine
as shown in compound. This compound is completely  (IsPH) 9, 2,4,6-triethylphenylphosphine (EsPH12 and
stable towards oxidation and has an elevated melting point2,6-dimethyl-4-octoxyphenylphosphine (DOCHHAIl are
close to 213C. It can be handled and purified on silica colorless liquids (bp 77, 77 and 12C at 3 mbar, respec-



M. Brynda / Coordination Chemistry Reviews 249 (2005) 2013-2034 2017

tively). 2,4,6-Triphenylphenylphosphine (PhesiPH3 was compared to the phenylphosphitiel 7is a colorless solid at
obtained as colorless crystals (mp°&) and can be easily room temperature.
stored in air for several weeks.

A variation of 9, 2,6-di-isopropylphenylphosphiré5], PH, PH,
DippPH 10 which differs from 9 only by the absence
of the isopropyl group at thepara position, has been e
prepared as a clear oil (bp 73-85, 0.5mbar) by reac-
tion of Mg(2,6-di-isopropylbenzene)bromide with RCI
and subsequent reduction with LiAMH This colorless
liquid is reported to have very little odor but its oxidative
stability is low and it must be stored under nitrogen to 16 17
avoid oxidation. A3'P NMR signal corresponding to the
phosphine oxide, DippP(O}iformed by aerobic oxidation
of the phosphine, was detected after repeated handling of ¢
container of10. An interesting molecular framework was PH» PH;
used to protect the PHragment in 2,6-di-1-naphthylphenyl F1C CE F,;C CF;
phosphine11 (DnpPH), which contains two flanking, 3
large naphthalene unitgl6]. Although the crystal struc-
ture of this compound has not been reported, its dimeric
lithium  derivative  bis-bis(2,6-di-1-naphthylphenyl)- CF
phosphanido]bis[(tetrahydrofuran)lithium(IY46] showed 3
that the planes containing the two flanking naphthalene 18 19
units make angles of 75and 80 with respect to the plane
containing central phenyl ring, assuring steric protection

of the PH bond in a way similar to that observed 14 An interesting aryl phosphine 2,6-(€)zCsH3PH: [50]

[8]. . . . . 18 was prepared by Bertrand and co-workers as a liquid
Air-sensitivity is dramatically affected in the absence of (bp 31°C/0.5 Torr). Subsequent deprotonation of this flu-

the bulky flanking substituents airtho positions. For ex- 414 derivative yielded the first primary phosphanide anion

ample, 9-anthracenylphosph|ﬁ§]. 15reported by Sc.hmut— _[ArfPH]~, stabilized by the bulky electron-withdrawing 2,6-

zler and co-workers, was obtained as a yellowish solid bis(trifluoromethyl)phenyl grouf1]. A similar phosphine,

with a melting point of 88C and moderate oxidative sta- 2,4,6-(CR)3CgH2PH, 19, has been obtained as a low boiling
bility. In solution, 15 undergoes a rapid oxidation to an- point liquid [52,53]

thraphosphonic acid AnthPO(OH)which can be easily
monitored by3!P NMR. Attemps to obtain single crystals
of this compound in our group failed, probably as a result 2.1.2. Alkyl phosphines

—Z

Cl Cl

of its slow oxydation in solution during the crystallization The rare air-stable mono-primary phosphines with alkyl
process. substituents include the nitrogen-containing cationic species
of the general type [EN(CH2)mPH2] *1~. Those are obtained
PH2 by a selectiveN-quaternization of the corresponding pri-
mary phosphinefs4]. The water solubility of these species
OOO with iodine anion decreases with increasing chain length
of R. Completely water soluble hydrochlorides of formula
15 [HR2N(CHR)PH,]*CI~ (m=2, 3) were also preparg84].

In our group, work has focused on “user-friendly” primary

Other primary aryl monophosphines should also be men- phosphines and arsines with alkyl substituents, whose inert-
tioned. These include enantiomeric primary phosphines with ness towards air could be enhanced by the introduction of
a CMeN(Me} substituted phenyl ring48]. Enantiomers  bulky substituents, assuring a highly effective kinetic stabi-
of 16 each show a triplet in thé’P NMR spectrum at Jization of these usually atmosphere-sensitive compounds.
8p=—121.95(0pn=200.5Hz). Thiswasthefirstenantiomer- Suych kinetic stabilization allowed us to obtain a new class
ically pure phenylphosphine derivative reported in the liter- of compounds with a rigid framework of organic substituents
ature, and can be used as an interesting synthon with broachased on the barellene skeleton. The bulky barellene interme-
applicability in the preparation of chiral P, N ligands by struc-  diates used for this purpose can be easily obtained by a high
tural variation at the reactive Rtgroup. The authors demon-  temperature Diels—Alder addition of the selected dienophile
strated the use of such a ligand in assymetric catalysis. Into the 9-bromoanthracene and subsequent functionalization
the 3,5-dichlorophenyl phosphirjé9] 17, the introduction  with a PH group[55]. All the barellene-derived primary
of the heavy chlorine atoms results in higher melting point phosphine0 [56], 21 [57], 22 [58] and23 [59] are color-
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less or slightly yellowish crystalline solids, with unusually
high melting points.

H
\_H
Q)

2

PH,

5

0 21 22 23 24

All four phosphines 20-23 show an unusual degree of ety to the very similar triphenylmethyl (trityl) grouf1],
air-stability. For example, crystals of diphenyldibenzobarel- which has been used to stabilize a number of previously
lene phosphine DpdbbR#22 did not show any trace of oxi-  unisolable compounds. The trityl moiety possesses similar
dation after being stored at room temperature in air for more characteristics; although it is not as symmetric as triptycene,
than 2 years. It is interesting to compare the stability of a the G-E bond lies on the “pseudo” three-fold axis and is
series of primary phosphines with bulky substituents of in- surrounded by three phenyl rings. In the trityl unit the av-
creasing size with the trends of increasing melting points. erage distance between the three frontal phenylene protons
As recently discussefB0], we believe that the extremely  (4.4A) is also very close to that observed in the triptycene
high stability of the triptycyl derivative of P#23is mostly ~ moiety. In order to explain the differences in the stabilizing
due to the particular role that the two®sparbons play in  “cage effect” between triptycyl and trityl groups, the short-
the triptycene skeletonF{g. 1). This bridge position lies  est distance between the bridgehead carbon in triptycene (or
on the symmetry axis of the triptycene and is protected by analogous methyl carbon in the trityl unit) and the plane con-
the adjacent protons of three symmetrical phenylene rings.taining the three frontal phenylene hydrogens of the triptycyl
Such a conformation ensures a noticeable steric hindranceunit (respectively, the three frontal hydrogens of the trityl
of the substituent attached to this particular position and is group) has been estimated on the basis of the crystal struc-
the origin of this “cage protection” effect. The average dis- tures of the various triptycene and trityl derivatives. In trityl,
tance between the three frontal phenylene protons is abouthis distance is ca. 0.3% while in the triptycyl fragment
4.5A, a distance that is derived from crystal structures of it is noticeably longer (ca. 0.6%)). This difference in the
different triptycene derivativel§0]. This is rather short rel-  “cage” dimension is probably responsible for the more pro-
ative to the size of the dioxygen molecules that are likely nounced stabilizing effect of the triptycyl moiety. For exam-
to approach the very reactive-B bond, and could explain  ple, TrtPH 24 was isolated61] as a moderately stable solid
a high stability towards air and moisture. It is also interest- (mp 76°C) while TriptPH 23is a crystalline, highly air- and
ing to compare the protecting ability of the triptycene moi- moisture-stable compound (mp 222). Melting points of

Fig. 1. Perspective view of the 9-dibenzobarrelenephosptr(@), 9-diphenyldibenzobarrelenephosph#b) and 9-tribenzo-barrelenephosphi(c)
(triptycylphosphine) with the atom numbering. Ellipsoids are represented with 40% probability level.
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Table 2 Other characterizedh-primary free aryl phosphines
Melting points of selected mono-primary phosphines include n-benzophosphines: benzene-1,3,5-triyltrisphos-
Primary MW mp (°C) Compound Reference phine (GH3(PH2)3) 26 and the 5-chloro-1,3-phenylene-
phosphine no. bisphosphin@7 [49].

PhPH? 110 + 1 [12] Compound®6 and27 are liquids under standard condi-
TriPH, 276 76 24 [61] tions. The substitution of a primary phosphine with a Cl atom
?A';Tf;ﬁ g%g ii 1;’ {g} or the organo group has a net influence on the solid—liquid
DbbPH 236 108 20 [56] equilibrium frontier, which is shifted towards solid state at
DpdbbPH 388 141 22 [58] room temperature. Thus,g83(PH2)3 and GH2CIl(PHy)2
DimetPH 360 213 4 [15] are liquids, but GHCI,PH, 17 is a solid with a low melt-
ArtippPH; 458 215-218 14 (8] ing point (21°C). Structural characteristics obtained from
Z!Et:b"g& ggg gig gi {g?} crystal structures o27 and 17, show that the H-bonding

between these primary aryl phosphines is extremely weak,
and can have only a very minor influence on its supramolec-
ular chemistry. The spatial arrangement of the two neigh-
boring molecules in the crystal structuréid. 2) indicates
some selected triptycene derivatives were previously reportedthat no significant interactions are detected in any of these
[60]. derivatives. For example, i@7, the P-P distance between
The majority of the triptycene-based molecules with two phosphorus sites of closest molecules isAhgith a
bridgehead substituents melt above 200 Together with 2.9A distance between H of the BHyroup and other P
a high rigidity, the “cage effect” is another important factor atom, which exclude any H bonding to phosphorus. The
that can explain this unusual property of the various trip- same observation applies also for all the benzobarrelene
tycene derivatives. The tandem influence of the rigidity and phosphines crystal structures, but in this case the steric ef-
“cage” protection on the melting point is nicely illustrated fects are in part responsible for rather large separation of
by the trend observed in the increase of the melting point the neighboring molecules. Reiter et al. have also very re-
of primary phosphinesTable 2. The molecular skeletons of ~ cently reported the synthesis of 1,8-diphosphinenaphthalene
the DbbPH 20and the DpdbbP#22 do not allow a “cage” 28[63], obtained as a colorless crystalline solid (mp 8.
protection provided i21and23; moreover, both compounds In the crystal, the packing of the molecules 28 was
exhibit a higher degree of flexibility than the corresponding shown to not be governed by intermolecular hydrogen
triptycylphospine23. This is directly reflected by their melt-  bonds.
ing points: 108C for 20, 141°C for 22 and 222°C for 23,

a At room temperature exists in liquid phase.
b bp: 154-157C.

respectively Table 2. 2.2.2. Alkyl phosphines
A highly symmetric alkyl primary bisphosphirZ9 was
2.2. Free bis and higher primary phosphines obtained by Schmutzler and co-workers, as a product of
a [4 +4] addition of two anthracenyl-BHunits under an
2.2.1. Aryl phosphines irradiation with a Hg lam47]. This compound is air-stable

Protasiewicz and co-workers have reported a bisprimary and crystallizes in monoclinic space groBps/c. The CPH
phosphine25 based on a tetraarylphenyl ligand of the form  angles in the solid state were determined by X-ray crystal-
2,3,5,6-AmgCs (Arx = p-tert-butylphenyl) which was inves-  |ography to be 98(2)and 97(2), respectively. Additionally,
tigated as a sterically demanding substituent for the pro- the crystal structure reveals the presence of only twg feH

tection of the twop-phenylene-bridged phosphorus centers tamers, which is in accordance with the expected, low energy
[62]. This aryl phosphine was obtained as a white crys-

talline material, which is only very slightly air-sensitive and
can be handled for short periods of time in air in the solid
state.

PH, PH,
s O HZP/QPHZ CI/©\PH2

e » -
0 Q PH, PH, T

Fig. 2. A pair of symmetrical molecules ofgB3CI(PH2)2 (27). The

P—P contacts between the dimers (A)2are too long for significant H-

bonding. Reprinted with permission from R§49]. © 2002 Wiley-VCH
25 28 Verlag.
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barrier to rotation of the Punits around thePC bond (see
Section2.6). H
I
H,P
2 Q Hzp/\/N\/\PHZ Hzp/\/N\/\PHZ
.‘ 37 38

A

N
2 HoP” N P,
39

Katti et al. have successfully synthesized a number of i )
new phosphorus derivatives with unusual oxidative stabil- N the quest for a fluorous biphasic catalyst, Gladysz and
ity, such as amide-, thioether- and carboxylate-functionalized CO-Workers reported the synthesis and characterization of a
primary bisphosphines. In a recent revig#j, molecular ~ féW primary phosphines with fluoro “pony tail§85]. Fluo-
structure, properties and applications of these primary bis "inated chains of the general formulaiP(CHy)n(CF2)7CFs
phosphines are discussed as well as the utility of carboxylate-Were obtained by reactions of corresponding iodides and
functionalized primary phosphines for incorporation onto LiPH2. The number of alkyl spacers€H,—) seems to cor-
peptides and their potential applications in catalysis and relate with thermal and air-stability of these phosphines.

biomedicine. Compounds40 and 41, which contain two and three
COOH OH
ONHPh rs\‘ |/\|/\/\/
e G G
PH, PH; PH, H.,P PH,H,P O
30 31

32 <:NH HN
PH, H,P

H (0]
1
oA o 2
Y :
o HP A~ N0
o 0 0
NH H NH H H H
<: ) <: ) HP N N ~~PH;
PH, H,P PH, H,P (o}
34 35 36
All the phosphines30-36 are air-stable solids (unfor- CH, groups, respectively, between the Pithit and the

tunately, no melting points were reported), except 3ay fluorinated chain, are high-boiling liquids. Compouag

obtained as colorless oil, which even in the liquid state, with a fourth CH group is reported as a white solid with
shows a good oxidative stability. InterestingB6 is one melting point close to RT.

of the first examples of a primary phosphine functional-

ized with a peptide chain. This may be a useful synthon HzP CF3 CFs3
in engineering metal binding sites with specific biological \/ﬁc'ﬂ: HzP/\/}CFj7
functions. In this dipeptide conjugate, free PHnits are 40 41

available for direct complexation to catalytically or bio-

logically useful metals. Primary bis(phosphinoethyl)amines HZPM CFs
RN—(CH~CHy—PHy)» (R =H, nBu, p-Tol) 37-390btained CFi

by alkylation of PH are another subclass of bis pri- 42

mary phosphines[64]. These substances are obtained

as high boiling point liquids, further used to complex Compounds analogous26(see previous paragraph) with
molybdenum carbonyl species (see Sectioh.3. Unfor- alkyl spacers (up to threeCH,— groups)43 have also been
tunately, no specific information is provided about their reported[66]. These trisarylphosphines were prepared by
oxidative stability. reduction of 1,3,5-tris[(diethoxyphosphinyl)alkyl]benzenes.
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43 containing one Chl spacer 1=1) is so unsta-  Therefore, the authors state that the stability of these species
ble that it decomposes almost immediately to 3,5- isnotfullyunderstood and speculate thatthe stabilizing effect
bis(phosphinylmethyl)toluene and BHDerivatives of43 might be related to the kinetic stabilization due to the pres-
with two to four methylene groups are very hygroscopic, ence of the redox-active ferrocene group. This effect was also
colorless liquids. Inert atmosphere techniques are requirednoticed to be proportional to the number of the Lppacers

to handle these compounds. introduced between the ferrocene moiety and the gidup.

NV o Nl PH
Fé R4 AN 2
S & =
45 47 49
PH. PH The extraordinary oxidative stability observed in the case
2 2 . .
ofthe ferrocene primary mono-phosphines also extends to the
analogous bisphosphine species, where twg Btdup are
Hp P\/\F,H attached to ferrocene molecule via the alkyl spa2r&0].
2 2 . . . . .
PH; PJ/ The 1,2-bisphosphiné7 is stable in air for several months,
(P and the 1,%isomer48 for several weeks. Longer exposure
of this latter compound leads to some degradation, but the
H2P. PH, residual phosphine can be easily repurified by flash column

n n chromatography on silica gel. Their air-stability is strongly
enhanced compared to the previously synthesized EEPH

49 and Fc(PH)» 50[72—74] Investigation of the oxidative
interesting examples of process showed that FcRBRis completely oxidized in solid

liquid primary phosphines dendrimers, suchtdshave been form within 3 days to a_m_ixtur_e of primary phosphine oxide
reported by Miedaner et al67]. The metallated octopus-  [RP ()] and phosphinic acid [RP(O)(OH)H]. Moreover,
like structures obtained by reaction of these dendrimers with mMediate oxidation occurs for this compound in solution.

[Pd(CHsCN)4](BF ), were observed to catalyze the electro- Fc(PH)2 50is less reactive towards air, but was also oxidized
chemical reduction of Ceto CO. by air over a period of several days. These results confirm that

the introduction of the alkyl spacers betweenyRhit and
ferrocene improves the air-sensitivity of these phosphines, in

Despite their high air-sensitivity,

2.3. Other free primary phosphines a manner similar to that observed in compoud@sA2.
2.3.1. Primary phosphines linked to ferroocenes 2.4. Complexes of primary phosphines
Unexpected thermal stability was reported by Henderson
and co-workers, for two mono-primary phosphirtsand While there is an extensive literature that deals with the

46 with the PH group linked to a ferrocenyl moiety via one  coordination chemistry of tertiary and secondary phosphines,
or two CH, spacerg2,68,69] Samples ofi6 have been re-  the transition-metal chemistry of primary phosphines is less
ported to remain stable in air for about 2 years with no sign well known. Fundamental differences in the steric and elec-
of degradation, suggesting complete air-stability. The solu- tronic structure of the tertiary (or secondary) and primary
tion stability was not investigated in details by the authors, phosphines are expected to influence the intrinsic properties
but also appeared to be good. Interestingly, the air-stability of the corresponding ligands. For example, the basicity of
of this compound cannot be explained by steric factors, suchthe phosphorus lone pair is modified by the substitution of
as those observed in dibenzobarrelene phosphines or in steran alkyl or aryl group on phosphorus with a hydrogen atom.
ically encumbered aryl phosphines, because the ferrocenyl-The decrease in basicity is believed to result from the dis-
methyl fragment is not extremely bulky. The spatial arrange- tinct geometry of the PHunit, which differs also from its
ment of the PH unit, established on the basis of the X-ray PRs congener in that it has a smaller cone angle: in primary
structure, indicates that the phosphine function is oriented phosphines bond angles are nearly ,9®hile in many of
away from the ferrocenyl group, which rules out the pos- their tertiary homologues they exceed 10The narrower
sibility of any type of stabilizing interaction with the iron. angles in the primary phosphines result in increased s char-
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acter in the phosphorus lone pair orbifg9,75]. Also, sys- The first single-crystal X-ray structure of a primary
tematic investigations of the coordination behavior of pri- phosphine—borane adducts was reported by Dorn et al.
mary phosphines have encountered some difficulties, which[78] for 52. The same paper reported the synthesis of
are mainly due to the facility with which the-+ bonds 'BuPH,-BH3, which was obtained as colorless oil. The
undergo a metal-mediated cleavage to form phosphido orPhPH-BHg3 crystallizes in the monoclinic system within
phosphinidene ligands. In this section, a brief overview of P2;1/c space group, with a staggered geometry and-B P
the primary phosphine complexes with boron and transition bond length of 1.924(47). The P-H bond length is 1.33(47)
metals is presented, again with emphasis on the stability andand the closest intermolecular contacts (2.43306)Nere
robustness of the representatives of this class of compoundsfound between two hydrogen atoms connected to phosphorus
Mention must also be made of another class of phosphorusin two “head-to-head” oriented moleculdsd. 3). However,
compounds, namely the transition metal substituted phos-these contacts might be underestimated due to the system-
phines, which although bearing similar appellation, exhibit atic errors in determining the positions of? atoms, which
discernible structural characteristics that separate them fromwere located and refined in order to determine thel Bond
the R-PH,—M type primary phosphines complexes. Asitex- length. Two molecules form a centrosymmetric dimer with
tends well over the scope of this short review, this parent classvery weak intermolecular H -H interactions.
of compounds where the isolate Pkbr AsH) units serve Improved stability is provided in the boron—phosphine
as ligands is excluded from the following sections. Another complexes where the boron atom is surrounded by bulky
class of compounds, which is not strictly within the scope of ligands. This is clearly evidenced by the complexes
this review, and were omitted here, are the alkali metal deriva- of tert-butylphosphine with triphenylbororb4, tris(2,6-
tives of primary phosphines, which are very useful transfer difluorophenyl)boron55, tris(pentafluorophenyl)borob6
reagents (see, for example, R@®6]). and tris(3,4,5-trifluorophenyl)bordsv7, whose crystal struc-

tures have been reportécd].

The strength of the interaction of the latter triarylboron
compounds with phosphine increases with the number and

2.4.1. Complexes with boron _ position of the fluorine atoms attached to the phenyl ring,
Although the phosphine-boranes tend to be oxidatively {he ortho position being the most important. For exam-

unstable compounds that decompose over time or upon hea.tp|e’ tris(pentafluorophenyl)boron is a much stronger accep-

ing, there has been an increased interest for such species iy than tris(2,6-difluorophenylboron, and the latter is a
the pastyears. This new boron-phosphine chemistry was ini-gyronger acceptor than the tris(3,4,5-trifluorophenyl)boron.

tiated by the simplest complexes ofRH, with BHs, which 15 \vas suggested to be due in part to the extent-of
can be easily obtained by reaction of BEMe; with the cor-  ystem overlap with the vacant boron p-orbital, which is
responding primary phosphines. Such compounds aré knownjealy dependent upon the amount of the substitution with

with pheny! or methyl phosphing87]. The B complex g jectronegative fluorine atoms. Less overlap is expected from
with phenylphosphing2is a colorless solid with alow melt- o gepletedr-system with more electronegative fluorine
ing point (50°C) while its methyl analoguBlis a colorless  aoms in the vicinity of the boron atom, as in the case of
liquid at RT. When the more sterically demandingRi¢s 2,6-trifluorophenyl or pentafluorophenyl ligands, which en-
is complexed with BH, colorless needles &3 with a mp of courages a stronger interaction with phosphine.

83°C are obtained, which can be easily recrystallized from a
THF/petroleum ether mixturg’s].

Me—PH, @—lsz
1

BH; BH3;
51 52

puf

2.4.2. Complexes with vanadium, niobium and tantalum
Ho et al. reported a cationic, crystalline vanadium com-
plex [CpV(PH2Ph)][BPhs] 58 [80], obtained by reaction

54
F R
F BUE F B F
F PH, FF PH

1

F F

Fig. 3. A pair of symmetrical molecules of PhpPBHj3 (52) showing weak

F F F F intermolecular H- -H interactions. The H -H distances are ca. 2.47(8)

F F Reprinted with permission from Ref78]. © 2000 American Chemical

56 57 Society.
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of [Cp2V][BPhy4] with PhPH. The crystal structure shows a  sensitive and decompose easily in ethers with liberation
pseudotetrahedral coordination sphere for V, which is com- of the primary phosphine. This is believed to result from
posed of two Cp ligands and two P atoms derived from two co- replacement of the phosphine by the coordinating sol-
ordinated PHPh ligands. The V-P distances are 2.391(2) and vent. In all these isostructural complexes, the crystal struc-
2.418(2)A, slightly shorter than in the related @p((PPh)) ture reveals a pseudo-octahedral geometry for the metal,
(2.538(4) and 2.541(4§),consistentwith the cationic nature  with the phosphine ligand locateians to the Cp* lig-
of this compound. The P-V-P angle is 83.52(&ypical of and. M-P bonds are rather long (Ta—P, 2.64-2A7and
disubstituted metallocenes. Nb-P, 2.64-2.69, e.g., [Cp*TaCh(MesPh)] 2.704(1),&;
[Cp*NbCls(MesPH)] 2.691(1) A) compared to the MP
bond lengths of other known niobium and tantalum phos-

C'\ cl PH phine complexes (2.59-2.8J, where the metal center is
sty Q/PHZ\N z coordinated with tertiary phosphine. This may be due to the

”‘~1\¢‘3“J+__",PH2 al cl stericinfluence of the chlorine ligands or trenseffect of the
/;,7)(\,,“2 c,’\ I Cp* ligand. According to the authors, the-N¢—C bond an-
<IN O\ \// gles are large (ca. 121.8-130,&.9., [Cp*TaCl(MesPh)]
@ PHi I/\CI\.=H2/<;> 126.8(1); [Cp*NbCls(MesPH)] 126.8(1)) due to the
greater steric demand of the metallocene group compared to
58 59 two hydrogen atoms of the BHyjroup in the free phosphine.
Me Me In the crystal structure of the niobium compkEX[82], in-
Me Me termolecular H-bonding from H(P) to chlorine atom: (€,
e /j/' 2.90A) was observedig. 4). Such weak interaction is prob-
CI>\m)QCI ably responsible for the formation of polymeric layers. A
a— | ~a similar tantalum complex containing the bulky K8&,4,6-
PH 'PrsCsH>) ligand was also reported by the same gr{8] to
X form yellow crystals (mp 147C), which are only slightly air-
60 sensitive, but are quickly hydrolysed. The complex crystal-

lizes in triclinic space group’1 and contains two molecules
per unit cell with a &P distance of 1.841(8°§. The bond
Niobium complexes octachlorotetrakis(cyclohexylphos- lengths and angles for the BHnits are typical (RH, 1.42A;
phine)-diniobium(lV) and octachlorotetrakis(phenylphos- C—P-H, 105.9; H—P-H, 106.2). The Ta atom has a pseudo-
phine)-diniobium(1V) 59 were recently prepare{R8] by octahedral geometry, with the RRHgand transto the Cl
the reaction of niobium pentachloride with excess cyclo- ligand, and the TaP distance is 2.710(2).
hexylphosphine or phenylphosphine in dichloromethane. The
one-electron reduction of niobium(V) to niobium(lV) yielded  2.4.3. Complexes with chromium, molybdenum and
brown-red and dark red crystalline solids, respectively. Both tungsten
compounds have chloride-bridged structures with Nb—P  Tungsten complexes, such as tungsten pentacarbonyl,
bond distances of 2.613(1) and 2.617&1jor th(oa cyclo- have been used as useful substrates for the stabilization
hexylphosphine complex and 2.633(2) and 2.63A(®)r the of alkyl primary phosphines that have not previously been
phenylphosphine complex. P-Nb—P angles are 113.a(1) observedinthe free stg@4] as well as primary alkynylphos-
114.69(4), respectively. As a side product of the same reac- phines and allenylphosphines that are otherwise highly unsta-
tion, an air-sensitive, purple precipitate was isolated, which ble[85]. Complexes of primary phosphines with Mo, such as
was identified as [§H11PHs]2[NbClg]. The presence of cy- 61, were prepared by a direct complexation of RFR = Cy,
clohexylphosphonium ions in this intensely colored complex 2,4,6:PrsCgH») with CpMoCl4(CH3CN) [86]. The adducts
was supported by-PH stretches at 2443 and 2404 chin were obtained as brown crystals which melt with decomposi-
the IR spectrum, compared to alf stretch at 2285 cmt in tion at 134.5 and 139C, respectively. For both compounds,
neat cyclohexylphosphine. The hydrogen atom in the ionic the crystal structure reveals pseudo-octahedral geometry
complex has been suggested by the authors to originate fromabout the Mo center, with the RBHInit locatecdtransto the
the cyclohexylphosphine. Such a hydrogen source is not sur-Cp' ligand. The Me-P bond distances in these 17-electron
prising, in view of the relatively low phosphorus—hydrogen species are ca. 2.554(1) and 2.61ALEPR spectra of both
bond strength (70.9 kcal mot in PHg) [81]. complexes are consistent with a pentavalent Mo(V) of spin
Tetrachlorometallocene complexes of primary phos- 1/2 and the EPR spectrum of [(2,4BrkCsH2)Cp'MoCly]

phines, examplified b$0, were synthesized in high yields at RT and in frozen solution allowed an estimation of the
by Blaurock and Hey-Hawking82] by the reaction of  degree of hybridizationn€ = 0.8) close to that expected for
equimolar amounts of RRHand corresponding [Cp*M@] tetrahedrally coordinated P atom?E 0.75)[86]. Dimeric
(R='Bu, Ad, Cy, Ph, Mes; M=Ta, Nb) in toluene. The Mo,Cls(PH,Ph); was synthesized by Cotton et {87] but
yellow or red crystals thus obtained are air- and moisture- no crystal structure was reported for this compound.
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Fig. 4. Neighboring molecules of [Cp*M@BuPH,)] 60. An intermolecular bonding between H (PHand Cl atoms with H: -Cl distance of 2.98 is
observed. Reprinted with permission from R&R]. © 2002 Wiley-VCH Verlag.
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Harlan et al. [88] reported the synthesis of new

2025

or W; L=PPhh), cis[M(CO)4L2] (M=Cr, Mo or W;

tungsten—primary phosphine complexes by reduction of L=PPhh) were synthesized together with a diprimary
high oxidation state tungsten complexes. Reaction of phosphine complexcis[Mo(CO)s{0-CsHa(PHz2)2}]. In

[Cp*WCl4]2 with two equivalent of Ph(H)PLi gave the
monomeric phosphine adduct [(Cp*WQH2PPh)] in

fac-[Mo(CO)3(PPhh)3], a neutral molecule is found in
the asymmetric unit, with the primary phosphine ligands

low yield. This product was suggested to result from the in a fac arrangement giving a distorted octahedral geom-

disproportionation of Ph(H)PLi into kPPh and PhPH For

etry at Mo. The PMo bond distances lie in the range

both compounds, paramagnetic behavior was observed in2.493(3)—2.501(3§\ and thecis angles around the metal
solution. These 17-electron species form dark, green-browncenter are 86.78(9)-92.9(3) The crystal structures of

crystals that are stable for short periods of time in air.

[(Cp*WCl4)(H2PPh)] crystallizes in the monoclinie2;/c
space group with fouor molecules in the unit cell, with &/
distance of 2.569(%). The phosphinic protons were not

the disubstituted species [Mo(C{PPhH)2] show a
cis-disubstituted arrangement at the metal center, giving
a distorted octahedral geometry and confirming the struc-
ture deduced spectroscopically in solution. TheM®

located in the X-ray structure, but the presence of unaffecteddistances are both 2.508(8)and the P-Mo—P angle
PH, units was nevertheless confirmed by a characteristic 87.9(1y. The integrity of the PH units was confirmed by

stretch at 2300 cmt in the IR spectrumtransWCls(H2P-
'Bu), was obtained as red crystals (monocli@2 space
group) from the reaction of Wglwith excessBuPH, via
reduction of W(VI) by the primary phosphine. It is worth
noting that the space grouf? was refined later by Marsh
and Spek to the corre@2/m group[89].

X-ray crystallography, proving that primary phosphines
behave as neutral two-electron donors to Group 6 metal
carbonyls. From the comparison of the crystallographic
data, the authors concluded that the -Nfobond lengths
are virtually insensitive to the degree of substitution at
Mo, and that different cone angles of the phosphines have

In 1993, Schmutzler and co-workers reported a series little effect on the geometry about molybdenum. A prop-
of complexes obtained from the reactions of adamantyl 2-enylphosphine complex of Cr with four carbonyl ligands

phosphine with metal carbonyl fragments of type M(gO)
(M=Cr, Mo, W), Fe(CO) or Ni(CO); [90]. All these
compounds are solids at RT (except for the AARHCO)s,

Cr(COyH>,PCHMe(CPHCH)Me was also reporte®3].
Monomeric and dimeric ferrocenylphosphines adducts
with molybdenum were obtained as crystalline, slightly yel-

which was obtained as a colorless oil that easily crystallized lowish materials with moderately elevated melting points

at —18°C), and were characterized as “rather unreactive”.

(129-150C) [2]. They were prepared by reaction of the

The group VI complexes formed colorless crystals char- primary phosphines with molybdenum carbonyl—piperidine

acterized by high melting points (100-148). Complex
with Fe is a intensely colored orange-brown solid with
lower melting point (92C). It is worth noting that the

complex with Fe formed a variety of cluster compounds,

none of which contained a primary phosphine ligand. All

complexes. Monomeri®5 and 67 were obtained from
[Mo(CO)4(Pip)] and the corresponding ferrocenyl phos-
phines. Coordination of the phosphine resulted in a typical
shift of the3!P NMR signal froms = —128 in the free phos-
phine toé =—79 in the complex. The seven-membered ring

of these solids are stable in air for several hours and can beformed in67 adopts a boat conformation. Yellowish crys-
handled in an open air atmosphere. A series of paramagnetidals of the dimer [1,2Fc(CHPH,)2Mo(CO)4]» 66 were ob-

complexes CpMoCl4(PHR) (where R=Bu, Ad, Cy, Ph,
Mes and Tipp) with melting points varying from 149 to

tained as a minor product of the same reaction. The use of
excess of the labile [Mo(C@JTHF)] leads to two complexes,

179°C has been reported by Hey-Hawkins and co-workers 68 and69 (melting points 119-121 and 138-142, respec-
[91]. These compounds are rare examples of metal(V) tively), which are air-stable for several months, and are easily
complexes with primary phosphines, and were prepared toprepared and handled. Interestingly, molybdenum derivatives

prevent the reduction of Mo(V) by employing a primary

65, 66 and67 with four CO groups decompose on heating,

phosphine instead of the highly reducing lithium reagents whereas the derivativéd8 and69 with five CO groups have

for the introduction of a P-functionalized ligand.

Bisprimary bis(phosphinoethyl)amine-BuN(CH,CH;
PH;)2 can be complexed by molybdenum vyielding mod-
erately stable specief64]. The resulting complex63
crystallizes in the orthorhombic space grobBpca (Z=8)
with P-Mo distances of 2.510(2) and 2.515{2) An
interesting behavior of the amino-tail is highlighted in the
“scorpionate” complex64; while in 63 the nitrogen atom
is far away from the metal center, 84 N atom displaces

clearly defined melting points.

The first known primary ferrocenylphosphine complex of
tungsten(11)70[94] was reported by Hey-Hawkins et al. This
compound crystallizes in the triclini®1 space group with
two molecules per unit cell and an additional non-interacting,
disordered molecule of THF. Compouii@ has a distorted
capped octahedral structure, wittansphosphine ligands
and a carbonyl group that caps a triangular face formed by
two carbonyl and one phosphine ligand. ThéAPdistances

one of the CO ligands and a compact cage-structure isare 2.472(3) and 2.536(8)and the PH unit in the vicin-

formed. Complexes of PhBRHcoordinated to Mo, Cr
or W have been reported by Campbell et @2]. Di-
and tri-substituted complexefac-[M(CO)sLs] (M=Mo

ity of the carbonyl ligand shows a major deviation from the
octahedral position, due to the steric influence of the ligand.
The complex is described by the authors as a solid with mp
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150°C, which is stable in air for several months, but in solu- tral species are yellow or orange solids, which are stable
tion it is air-sensitive and decomposes within 24 h. in the solid state. This stability also extends to the solution
state, where they appear to be quite stable unless exposed to
oxygen. In addition, they are the first structurally character-
ized primary phosphine complexes of manganese. The struc-
tural analyses confirm the integrity of the coordinated, PH
units and the same stereochemistry in the solution and solid
states. The crystal structure of [MnCI(CGTsH4(PHy)2-

o}] shows thefac-octahedral arrangement predicted from
the spectroscopic studies, with a chelating diphosphine.
The Mn—P distances for [MnCI(C@)CsH4(PH,),-0}] are
2.280(2) and 2.281(23 and for [MnBr(CO}(PPhH),] they

are 2.305(1) and 2.322(&) respectively.

} \WCI \‘,"VCI 2.4.5. Complexes with iron, ruthenium and osmium
C'V \\ ci I\PH Cationic primary phosphine iron complexes such78s
¢ H, ¢! oc c : and74 were used by Malisch et al. for hydrophosphination,
//_/ yielding P-chiral functionalized phosphing8—100]
7 72 +

BF,
n°-Cyclopentadienyltungsten complexes with vinyl- and
allyl-phosphine ligands PHCH=CH,) and PH(CH,
CH=CHp), such ag1, were prepared by Morise et §95].
The bifunctionality of these primary phosphines is clearly
demonstrated by their ability to act as ligands to transition
metals by coordination through the phosphorus atom or the
carbon-carbon double bond, or both. The complexes thus ob-
tained show paramagnetic behavior in solution and are rather
air-sensitive. The presence of unaffected PH bonds was con-
firmed by bands in the IR spectra assignable to the PH stretch
in the range 2392-2396 cth. The values fop(P—H) are ca.
100 cnt! lower than those for the corresponding uncoordi-
nated primary phosphines. The crystal structuilaxhibits
a distorted octahedral symmetry with the four chlorine atoms

lying in the equatorial planae. The W distance is 2.554(i)
and P-C bond is 1.77(1A. Reductive carbonylations of

Complex73is alight beige crystalline material (mp 76)
and its congener4 forms yellow crystals (mp 154C). One

these tungsten(V) compounds to the tungsten(lV) species carpf the first primary phosphines to be complexed with os-

be easily achieved by treatment with Jf€QO)] [96]. The
crystal structure of [Wi{-CsH4'Pr)Ck(H2PCsHs)(CO)] 72

mium was reported by Schmutzler's group in 19R]
as an AnthPR-0Og(CO)1(MeCN) solid adduct with mp

shows that the phosphine ligand occupies an equatorial posi-138-140°C. Unfortunately, no crystal structure was re-

tion and iscisto the carbonyl group, in contrast to the start-
ing material [W{-CsH4'Pr)Cl(H2PGHs)] 71 where PH

ported for this compound. Phenylphosphine can be eas-
ily complexed by ruthenium and osmium chloride yielding

occupies the axial position. The W atom has a significantly trans{MCl2(PhPh)2] (M=Ru, Os)[101] via reaction of

distorted octahedral coordination, with twis-Cl ligands, a

RuClk-3H20 or [NH4]2[OsCk] with excess PhPH Analo-

CO and a phosphine ligand in the pseudo-equatorial plane andyous bromine derivatives can be used for this latter reaction

with the Cp-ring centroittansto the Clligand. The consider-
ably shorter W-P distance (2.472(138) compared to similar

W—P complexes (2.55—2.53?) was partially attributed to the
transinfluence of the chlorine ligand.

2.4.4. Complexes with manganese

Neutral complexes of primary bisphosphines with man-
ganese, ([MnCI(CQ)CesHa(PHy)2-0}] and [MnBr(CO}
(PhPH)2]), were recently reported by Pope and R{d]
from the reaction of [MnX(CQy] (X =ClI, Br) with the re-

yeldingtrans[RuBrz(PhPH)4] andtrans[OsBr(PhPH)4]
[102], in which the presence of the protons attached to
phosphorus in PHwas confirmed by3P NMR and IR
spectroscopy (PH band at 2340cthy Cyclic voltammetry
reveals reversible #4! redox couple at easily accessible
potentials, confirming that deprotonation of theJftihction
does not occur on the cyclic voltammetry time-scale even in
the more electropositive Os(lll) specig92].

Crystalline osmium(ll) complexes with MesRHvere
obtained [103] from the reaction of mesitylphosphine

spective phosphine in the correct stoichiometry. These neu-with OsHCI(CO)(PPh). Two species are of interest:
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cationic [OsCl(MesPH)(CO)x(PPh),]CIO4, which was tail pairing of the P—Au—Cl groups with the closest dis-
separated as a mixture of isomers (mp 1Z3 and neutral  tance between the two Au atoms being 3.44(5(.1)I’he
OsHCI(MesPH)(CO)(PPh)2, which forms colorless crys- P—-Au distance is 2.242(@ and the PH bond distances
tals with a mp of 182C. are 1.350 and 1.368, which is typical of this type of pri-
Very air-sensitive, primary alkynyl phosphine porphyrins mary phosphine. Very recently, two phenylphosphine com-
were prepared by AlHGIreduction of the corresponding plexes [Au(GFs)(PhPH)] and [Au(GsFs)3(PhPH)] were
alkynyl phosphonates in an attempt to find suitable building prepared by reacting [Au@Es)«(THF)] (x=1, 3) with an
blocks for the construction of larger multiporphyrin systems equimolar amount of PhRH106]. Both of these phosphino
[104]. Unfortunately, these primary phosphines are highly complexes are white solids, moderately air- and moisture-
unstable and must be handled under an inert atmospherestable and soluble in chlorinated solvents and acetone. The
In solvents such as chloroform, the degradation of the com- gold(l) species is less stable in solution, and undergoes rapid
pounds is observed within a few hours. While PaR8b] autodeprotonation to yielddEsH.
is complexed with Ru porphiryns, mono and bis phosphine  Ni, Pd, Cu and Ag complexes were prepared from
adducts7’5 and76 are observed. NMR studies indicate that mesitylphosphine and Ni(COB) [Pd(NCMe)][BFal2,
the bis-phosphine complex with ruthenium(ll) porphyrins is [Cu(NCMeu]PFs and AgBFR, respectively[75]. Subse-
more stable than the mono-phosphine complex, but in all quent reaction of these primary phosphine adducts with
cases the complexes could not be isolated and they degradériphos or tetraphos led to derivatives Ni(triphos)MesPH
within hours at ambient temperatures when kept in solution. [Cu(triphos)MesPH][PF¢], [Ag(triphos)MesPH][BF4] or
The IR spectrum of the complex (PapRu(CO) (porphyrin) [M(tetraphos)MesPbl[BF4]> exemplified by cationic78.
indicates wealkr-donor properties of the ligand. All the complexes were obtained as white to yellow, solid,
crystalline materials. The pale-green needles of the nickel
complex are air-sensitive, while the remaining complexes
are inert to air and water in both the solid and solution
states, except for the Ag adduct with tripos, which slowly
loses MesPhl in solution. Ni(MesPH)4 79 is tetrahedral
in the solid state, with an average-Ni bond length of
2.149A (2.140(8)-2.158(7A) and P-Ni—P angles ranging

75 from 106.9(3) to 111.3(2). Complex [Cu(MesPR)4][PFg]
shows distorted tetrahedral geometry with two sets 6ffZu

/@ distancescloseto2.27 and 2,38(2.269(2)—2.298(3};\), and

H, P—Cu-P angles range from 104.0¢1fp 116.5(1). The3!P

NMR suggests that the four phosphine ligands are equivalent
in solution, so that the distortions observed in the solid state
may be a consequence of crystal packing forces. Other ho-
moleptic, highly air-sensitive copper adducts [CugPH)]*
[107], Cu-[1,2(PH)2CgsH4]2" [108,109]and bridged110]
Cuwl2(PhPRH)4 are also known.

Cl [ I
2.4.6. Complexes with nickel, palladium, copper, silver | Q

u PH,

and gold T\ \

Interest in phosphine—gold complexes is in part related Ha O\ /u+
to their promising in vitro and in vivo antitumor proper- P \p
ties[105]. Au—RPH complexes were reported by Schmid- \O
baur et al[29], in which various primary phosphines were ©/
reacted with (CO)AuCI to give R—BPHAuUCI (R=Mes, Me
MesEt, Tipp, Mes*), exemplified by7. The stability of 77 78

these products once again depends markedly on the robust-
ness of the phosphine ligand. While the MesRidmplex Q
decomposes at+20°C, the other three complexes are all

stable, crystalline solids at room temperature with melt- /P”Z

ing points of 84-138C. Interestingly, the crystal struc-

PH2II

"N

ture of the Mes* complex, which crystallizes in the mon- @/PH/ \PH
2

%

oclinic system (space group2:/n, four molecules in the
unit cell), shows a coplanar arrangment of the phenyl rings
in the crystal packing. Molecular twins adopt a head-to- 79
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2.4.7. Complexes with cobalt and rhodium

Rhodium and cobalt complexes Cp*Rh@lles*PH,),
Cp*RhChk(IsPH;) and CpCoj(Mes*PH,) were reported
by Termaten et al.[111]. Cp*RhCh(Mes*PH;) and
Cp*RhChk(IsPH,) are both crystalline materials with high
melting points (red needles, mp >240 and orange crys-
tals, mp>190C, respectively). CpCe(Mes*PH,) was
obtained as a solid with relatively high melting point
(>140°C) in the form of a green-black precipitate. It

was reported to be stable in the solid state but decom-

posed slowly in solution, which hampered its crystalliza-

tion. The other known Co and Rh complexes are the sul-

fonoalkyl Co[H,PCH,CH(CH3)SMekBF4 and Colgz-CoCh
where HL = bPCH,CH,SH, H,PCH,CH(CHs)SH [112].

2.5. 31P NMR spectroscopy

The interpretation of NMR chemical shift values for phos-
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or 2,6-di-isopropylphenylphosphine, DipPHpy=477 Hz
ands =—14.6[45]).

When R—PH undergoes complexation with a transition
metal, an increase in th#y-coupling constant as well as
in the 31P chemical shifts are observed, consistent with pri-
mary phosphine coordination. This is related to the change
in the hybridization of the P atom leading to more s char-
acter in the PH bond[118]. Coordination to BH results
in a similar behavior. Literature data on a variety of phos-
phorus compounds show equally that electronegative sub-
stituents X on the P atom increadgq couplings, an effect
rationalized by increased p character in the&X®onds, which
leads to increased s character in theHPbonds.31P NMR
data compiled here for the phosphine metal complexes are
consistent with this trend. For example, in cationic species
reported by Kourkine et al[75], [Pd(MesPH)4][BF4]2
and [Pd(tetraphos)(MesBH[BF 4]2, where the metal center
should be the most electron-withdrawing, the lardegtcou-

phorus compounds involves several factors such as the distriplings are observed. This trend is also confirmed by the com-
bution of electron density in the bonds between phosphorusparison of thelpy coupling constants for two Ni complexes:
and its substituents, the extent of phosphorus participation inNi(MesPH)4 and [Ni(MesPH)3(NO)]BF4. The latter com-
bonding and the bond angles about the phosphorus. In theplex with the acceptor NO group exhibits a substantially

case of primary phosphines, the angles betweeR @nd

P—H bonds are nearly constant. Some theoretical predictions

of the 3P NMR spectral data based on density functional
theory (DFT)[113-115]or quantitative structure—property
relationships (QSPR) methdd16] have recently been re-
ported.

In Table 3 we have compiled th&'P NMR spectral data

largerJpy value (350 Hz versus 283 Hz).

2.6. Molecular dynamics of primary phosphines in
solution

It is well known that small chemical entities can un-
dergo dynamic processes in solution such as inversion, hin-

for free primary phosphines and their complexes discussed indered rotation or “flip” dynamics. In the case of primary

thiswork. A characteristic NMR “fingerprint” for all the spec-
troscopically characterized free primary phosphines R—PH
involves a strongly negativé'P chemical shift £150 to
—200 ppm) and dpy coupling constant close to 200 Hz. In

phosphines, while the inversion process does not play an
important role[120], hindered rotation was observed in
solution or in the gas phase. For example, investigation of
hindered rotation of the PHgroup in phenylphosphine by

many cases, when the primary phosphines are produced bythe means of microwave spectroscopy yielded a two-fold in-
the reduction of respective chlorophosphine, the correspond-ternal rotation barrier of 0.27 kcal mol, slightly smaller

ing 3P NMR spectrum of the “crude” material contains a
characteristic signal of the residual PEt —238 ppm. This

than the values previously determined from NMR relax-
ation studies (0.17—1.04 kcalmd) and ab initio calcula-

results from the reduced excess phosphorus trichloride re-tions (1.11 kcal mot!) [121]. Aliphatic primary phosphines

maining from the reaction of the precursor with BGNhile

a relatively constanipy coupling near 200 Hz seems to be
diagnostic for all free alkyl and aryl primary phopshines,
this is not true for the’lP chemical shift. An analysis of
the NMR data shows that for the bulky phenyl substituted
primary phosphines varies from—121.6 ppm in PhPplto
—158.2ppm in TippPE. The bulky alkyl phosphines are
characterized by chemical shifts that range frer56.0 ppm

in TriptPH, to —143.6 in DbbPH. Here, the range of the
chemical shifts is substantially smaller12 ppm) and re-
flects the fact that in all these phosphines, the Brbup

exhibit internal rotation subject to a barrier of the order of
2.0-2.5kcal mot? but no inversion were observed in these
specieg34,120,122,123We have recently analyzed the be-
havior of the3lP NMR signal of the Phl fragment in the
THF solution of acenaphtene-dibenzobarellenephos@iine
in the temperature range from40 to 80°C and we have no-
ticed that the PHlunit freely rotates above T, while its ro-
tation is slowed (or even completely blocked}-at0°C. The
barrier to rotation fron$*P NMR variable temperature stud-
ies is currently under investigation. Parallel quantum chem-
istry calculations using DFT gave a value of 3.7 kcal ol

is connected to the same dibenzobarellene skeleton. Un-Several dynamic processes, involving restricted rotation or

der oxidative degradation, signals witx —20.0-0.0 and
large Jpy coupling (450-500 Hz) are typically detected in

“flips”, were also observed in organotransition metal com-
plexes of phosphinel83,94,107] Recently, similar energy

the 3P NMR spectrum. These are due to the presence ofbarriers in the solid state for the radica-RH® species ob-

oxidation products RP(O)H(see, for example, the oxida-
tion products of Mes*Ph-Jpy=490.7 Hz,6 =—10.0[117]

tained by X-ray irradiation of the dibenzobarrelene phos-
phines were determined from the density matrix analysis of
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Table 3

31p NMR data § 31P andJpy (Hz)) for selected primary phosphines and their organotransition metal complexes

Compound Jpn (H2) 531p Solvent References
MePH; 1899 —1616 CoDs/THF 771
PhPH 1985 —1216 CDChk [77]
ArtippPH, 2080 -1398 CDCh 8]
MesPH 207.3 —1539 CsD6/THF [31,75]
2,4,61Pr;CsH2PH, 2020 —1586 CsDs [43,44]
CyPH, 1870 -1113 - [13]
2,4,6-E§CsH,PH, 2030 —1581 CsDs [43]
2,4,6-PRCsH2PH, 2010 —1326 CsDs [43]
DOCPH 2010 —1561 CoDs [43]
AnthrPH, 2062 —157.8 CDChk [47]
(AnthPH,), dimer 1961 —1055 (—106.8) CDC} [47]
FCCHPH, 1940 —1291 CDChL [69]
2,41Bup-6-PrCsH,PH; 207.0 —1439 CDChk [38]
2,41Buy-6-MeGsH,PH, 2030 —1430 CDChk [41,42]
2,4'Bu,-6-NMe;CgH,PH, 2137 —1416 CDCh [39]
2,44Buy-6-OMeGsH,PH, 207.4 —1554 CsDg [40]
Mes*PH, 2106 (211.0) —1299 (—128.9) CDC} [14]
DippPH; 2080 —1564 CDCh [45]
DnpPH 2090 —~1391,-139.6 CDCY [119]
2,6-Mes-4-MeGsH,PH, 2098 —1472 CDChk [15]
CMeN(MelPhPH 2005 —12195 CsDs [48]
Cl,CsH3PH, 2026 —1207 CDCh [49]
CsH3CI(PH), 2029 —1219 CDCh [49]
CoH3(PHy)s 2019 1225 CDCk [49]
(CF3)2CsH3PH, 2160 —1400 - [50]
TrtPH, 1898 -70.3 Toluene [61]
DbbPH, 1990 —1436 CDChk [56]
AndbbPH 2010 —1500 CDCh [57]
DpdbbPH 2010 1520 CDCk [58]
TriptPH, 2016 —1560 CD,Cl, [59]
2,3,5,6-An%Cs(PHa)2 2168 —~1309 CDCh [62]
1,3,5-(2-EtPH,)3CsHs 1953 —1368 CDCh [66]
1,3,5-(3-PrPH,)3CsH3 1947 ~1361 CDCh [66]
1,3,5-(4-BuPH,)3CsH3 1947 —1360 CDCh [66]
HN((CH,)2PH,), 1930 —1476 No solvent [64]
n-BuN((CH)2PH)2 1900 —1478 No solvent [64]
p-ToIN((CH,)2PH), 1970 —1482 No solvent [64]
H2P-(CH)2(CR)7CFs 1920 1366 THF [65]
H,P-(CHp)3(CF2)7CFs 1900 —~1396 THF [65]
HoP-(CH)4(CR)7CFs 1890 —1396 THE [65]
PhNhCOCH(CHPH,), 1970 —1430 - [1
S(CH,S(CHy)sPH2), 1940 —1363 - [1
HOOC(CH)4C(CH,S(CHy)sPH,)2 1930 1363 - [1
33 1940 ~1356 - [
34 1930 —1356 - [1
35 1940 —1359 - [1
36 1950 —1356 - [1]
1,8-Diphosphinenaphthalene 207 —1049 CD,Cl, [63]
AdPH, - -816 CDChk [90]
Ph(PEt(P(EtPh),)2) 1910 1290 Tolueneds [67]
FcPH, 2030 —1433 CDCh 21
FcCH,CH,PH, 1950 —1358 CDCh [2]
1,7-Fc(PH), - —1438 CDCk 2]
1,2-Fc(CHPH), 1980 —1276 CDCh 2]
1,1-Fc(CH:PH,), 1960 —1320 CDCh 2]
PaPH 2140 —1760 CsDs [104]
[WI,(CO)(FCCHPH,),] 377 (394) —60.0 (—74.5) GDe? [94]
Ni(MesPH), 283 —865 CoDs [75]
[Pd(MesPH)4][BF4]2 422 -732 CD,Cl, [75]
[Cu(MesPH)4]PFs 317 —1210 CD,Cl, [75]
[Ag(MesPH)4]BF4 297 —1315 CD,Cl, [75]
[Ni(MesPH,)3(NO)]BF, 350 -89.7 CD,Cl, [75]
Ni(triphos)(MesPH) 281 —96.2 CsDs [75]
[Cu(triphos)(MesPH)IPFs 317 —1220 CD,Cl, [75]
[Ag(triphos)(MesPH)|BF, 280 —1390 CD;NO; [75]
[Pd(tetraphos)(MesPH[BF 4] 381 —945 CDsNO; [75]
BH3 (MesPH) 370 -68.8 CsDs [75]

(I-AdPH,)Cr(CO)s 31281 054 - [90]
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Table 3 Continued
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Compound Jpn (H2) 53p Solvent References
(I-AdPH,)Mo(CO) 30816 —2851 - [90]
(1-AdPH,)W(CO)s 32100 —47.59 - [90]
(I-AdPH,)Fe(CO}) 34369 1403 - [90]
(I-AdPH,)Ni(CO); 29811 —3503 - [90]
[Cp*NbCl4(H2P+Bu)] 345 224 CDCk [82]
[Cp*NbCl4(HoP-Ad)] 349 181 CDCk [82]
[Cp*NbCl4(H,P-Cyc)] 351 %) CDCk [82]
[Cp*NbCl4(H2P-Ph)] 367 —112 CDCk [82]
[Cp*NbCl4(H2P-Mes)] 347 —387 CDCk [82]
[Cp*TaCly(H2P+Bu)] 345 211 CD,Cl, [82]
[Cp*TaCly(H2P-Ad)] 346 174 CD,Cl, [82]
[Cp*TaCly(H2P-Cyc)] 351 8 CD,Cl, [82]
[Cp*TaCly(H2P-Ph)] 366 -113 CD,Cl, [82]
[Cp*TaCly(H2P-Mes)] 360 -394 CD,Cl, [82]
(CyPH)4ClsNb(1V), 3556 —26 CDCh [28]
CyPH,ClsNb(V) 3470 —40.1 CDCh [28]
Cp'TaClTippPH, 3609 —35.7 CrDg [83]
CpNMFe(CO}MesPH*BF4~ 4058 (407.5) —60.2 CDCk [100]
CyFe(CO)MesPH*BF,~ 4004 —612 CDsCN [100]
[MNnCI(CO)3(PhPH),] - —14.7 CH,Cl,/CDCl3° [97]
[MNCI(CO)s{CsH4(PHy)2-0}] - -0.8 CH,Cl,/CDCl5P [97]
[MNnBr(CO)3(PhPH),] - -173 CH,Cl,/CDCl5P [97]
[MNBr(CO)3{CsHa(PH,),-0}] - -20 CH,Cl,/CDCl5P [97]
OsHCI(MesPH)(CO)(PPh), 3409 - CDCh [103]
[OsCl(MesPH)(CO)2¢rans-PPh),]CIO, 4213 —-1033 CDCh [103]
[OsCl(MesPH)(CO)(cis-PPh3)]ClO, 4234 —932 CDCh [103]
tris(3,4,5-trifluoPhBBUPH, 3640 - GsDsCD; [79]
tris(2,6-difluorophenyl)bordBuPH, 3870 - G;DsCD3 [79]
tris(pentafluorophenyl)bortBuPH, 4000 - GsDsCD3 [79]
trans[RUBrL(PhPH)4] - —257 CH,Cl,/CDCly [102]
trans[OsBr(PhPH),] - —64.38 CH,Cl,/CDCl [102]
fac-Mo(CO)s(HN[(CHa)2-PHy]2) 3080 —734 THF [64]
fac-Mo(CO)(nBUN[(CH2)2-PH;]2) 3090 -710 Toluene [64]
Cis-Mo(CO)y(NBUN[(CHz),-PH,]2) 3130 —90.1 THF [64]
[Au(C6F5)PhPH2] 376 —46.0 CDCk [106]
[Au(C6F5B(PhPH2)] 410 -59.3 CDCk [106]
MePH;-BH3 3699 —47.0 CDCh [77]
PrPH,-BH3 3620 —596 CDCh [78]
PhPH-BH3 3666 —66.7 CDChk [77]
'BUPH,-B(CsF2H3)s 3940 - GsDsCDs [79]
'BUPH,-B(CsF3sH2)s 3750 - CsDsCD; [79]
'BUPH,-B(CsFs)3 3180 - CsDsCD; [79]
1,2-Fc(CHPH,),Mo(CO), 3120 —785 CDCk 2]
1,1-Fc(CH:PH,)2Mo(CO), 3080 —798 CDCk 2]
1,1-Fc[(CHPH,M0o(CO)]2 3200 —625 CDCk 2]
1,2-Fc[(CHPHMo(CO)¥]» 3180 —614 CDCk 2]
W(m-CsHy'Pr)Ck((CsHs)PH)(CO) 3700 —429 CH,Cl,/CDCls® [96]
W(m-CsHq'Pr)Chk((C2H3)PH)(CO) 4090 —438 CH,Cl,/CDCls° [96]
Cis-[Cr(CO,(PhPH),] 3200 —275 CH,Cl,/CDCls¢ [92]
fac-[Mo(CO);(PhPH)s] 320.0 —535 CH,Cl,/CDCl5® [92]
Cis-[Mo(CO)4(PhPH),] 3200 —60.5 CH,Cl,/CDCl5® [92]
Cis[Mo(CO)a{0-CsHa(PHz)2}] 3200 —44.1 CH,Cl,/CDCl5¢ [92]
fac-[W(CO)s(PhPH)s] 3200 —720 CH,Cl,/CDCls¢ [92]
Cis-[W(CO)4(PhPH),] 3200 —809 CH,Cl,/CDCls¢ [92]
trans{RUCL(PhPH),] - —250 CH,Cl,/CDClg [101]
trans[OsCh(PhPH)4] - —614 CH,Cl,/CDClg [101]
trans{RuBr>(PhPH),] - —257 CH,Cl,/CDClg [102]
trans{OsBr(PhPH)4] - —64.8 CH,Cl,/CDClg [102]
Ru*PaPH - —-1190 CsDs [104]
RU(PaPH), 3408 —1020 CsDs [104]
[CP*RhChL(Mes*PH)] 387.0 431 CDCh [111]
[CP*RhCly(TippPH)] 386.0 —-501 CDCh [111]
[Cp*Coly(Mes*PH)] 3820 489 CDCh [111]
AnthPH,-0Os3(CO)1(MeCN) - —1410 CD,Cl, [47]

For some compounds, only chemical shifts were reported. In very few @a$@swas not provided, bk was determined froriH NMR. & 31P to external
H3PO, reference. All spectra recorded at room temperature unless stated otherwise.

(-): No solvent reported.
a At —60°C.
b 7:1 mixture CHCl,/CDCls.
¢ Mixture CH,Cl»/10-15% CDG4.
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BUL + HAS He 4+ Bu'HAse.
e + HoASe \ @ /
As "y > == + ASH3
/t/ \N'H
Bu'H + AsH Bu H
TS, . Bu'As

Fig. 5. Schematic representation of the proposed mechafil@ékfor the
decomposition of thEBuAsH.

the variable temperature EPR spectra and DFT calculations

[58,124,125]

3. Primary arsines and stibines

Arsenic and antimony hydrides are less stable than the
corresponding phosphorus compounds. Investigation of the

reaction pathways driving the fast decomposition of simple
alkyl arsines, for example, led to several possible routes.
Cole-Hamilton[126] proposed five distinct mechanisms of
decomposition in the case of thBuAsH, according to the
scheme irFig. 5.

This high instability of the RAsblcompounds is respon-
sible for the rarity of the air-stable compounds containing
AsHy (or Sbh) group. Apart from the gaseous trihydrides
AsHs and recently described Shtstructurally characterized
derivatives of the REHK (E = As and Sb) type are very few
and until recently, were confined to cases where Etds
connected to the same bulky aryl or alkyl ligands already
used for the stabilization of the primary phosphines, or in
complexes where pnictane hydride is linked to various tran-
sition metals. Thermally stable (2,6-TsipgH3)AsH, and
(2,6-Trip,CgH3)SbH, 80, characterized by Power and co-
workers[8], are isostructural with the corresponding phos-
phorus derivative (see Sectidhl.l). As observed by the
authors, the increasing lengths of the® As-C and Sb-C

bonds in these species almost exactly mirror the differences

in covalent radii (P, 1.14; As, 1.21A; Sb, 1.435\) between
these atoms. The melting point®&@is close to 190C (dec.
195°C), while that of its As analogue is 22B.
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The intrinsic cage-effect of triptycene was successfully
employed to obtain completely air- and moisture-stable
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Fig. 6. Crystal packing of the triptycene cages in the crystalline TriptAsH
81

TriptAsH, 81in a simple, one-pot synthesis with low yield
(11%) [60]. This robust, crystalline primary arsine melts at
293°C. High symmetry, with the As atom together with two
bridging carbons of the barrelene skeleton aligned on the C
symmetry axis with a €As bond distance of 2.178), is ob-
served in its crystal structur81 crystallizes in trigonal sys-
tem in the space grougBc and shows a pronounced disorder
of the As substituents (71.8/28.2%) and an inversion twin
ratio (74/26%), characteristic for the pnictogen derivatives
of triptycene[60]. The spatial arrangement of the TriptAsH
(and also of its Pblcongener) units in the crystal shows an
interesting compact packingig. 6) with all of the triptycene
cages parallel by their three-fold axis, and molecules in sub-
sequent layers being rotated #¥8 around this same axis.

A slightly modified synthetic procedure leading to an im-
proved yield (65%) 081 was also recently reported, together
with the structure of a stable TriptSkiderivative[127] (mp
170-172C). In their work on ferrocene phosphines, Hen-
derson and Alley obtained a solid, air-stable ferrocenyl pri-
mary arsine82 [2], characterized by a low melting point
(44-46°C). In this compound, the GH€H,AsH, fragment
is approximately coplanar with the Cp ring, and exhibits an
As—C bond distance of 1.966(@) The crystalline powder is
soluble in hydrocarbons and other organic solvents (except
the lower alcohols and DMSO), has the expected unpleasant
but mild odor, and easily sublimes under vacuum. One of the
rare structurally characterized complexes containing a pri-
mary arsine is the pentacarbonyl(phenylarsine) chromium,
C11H7AsCrGOs reported by Huttner and co-workers nearly
20 years ag$128]. In this crystalline material (monoclinic,
space group21/c), atransinfluence of the Askl ligand is
indicated by the slight difference between axial (ﬁazmd
equatorial (1.883\) Cr—C distances. The coordination poly-
hedron of the Cr atom is an idealized octahedron and the
Cr—As distance is 2.462(3°§.

4. Closing remarks
Although tertiary phosphines are the most exten-

sively used phosphorus ligands throughout inorganic and
organometallic chemistry, the rapid development of a range
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of primary phosphines and their arsenic and antimony ana-
logues is opening avenues for development in the already
rich chemistry of these species. This chemistry has devel-
oped rapidly in the recent decade due to improvements in the
stability and air-inertness of this group of compounds. Re-
cent development of chelating bisphosphines functionalized
with small chemical units clearly demonstrates that kinetic
stabilization with bulky substituents is not the only way to
induce thermal and air-stability at the Pgroup. Such char-

acteristics enable the use of these species in a growing num-

ber of applications. For example, the synthesis of the chiral

phosphetanes or phospholanes mentioned earlier in this re-

view are only a few examples of such use. In the future, the
development of catalytic and biomedical applications, as ex-
emplified by the use of chiral ferrocenyl phosphine ligands in
asymmetric catalysis or preparation of the active antitumor

molecules, can be expected to undergo rapid development.

In addition, the exponential increase of the availability of the

computational theoretical methods makes possible a more de-

tailed description of the electronic structure of these species
and will help to better understand and to predict their unusual
physical and chemical properties.
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